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Abstract: Micro/nanocontainer-based self-healing coatings have achieved enormous 
interest in scientific community during the last decade. However, the search for 
multifunctional micro/nanocontainers still has research challenge, especially for the 
micro/nanocontainers with dual functionality (both anticorrosion and antimicrobial). 
Here, a novel type of microcapsules with antimicrobial shell and anticorrosion core was 
prepared by the Pickering emulsion polymerization technique. Dimethyloctadecyl [3-
(trimethoxysilyl) propyl] ammonium chloride (QC18) and linseed oil were 
encapsulated as the antimicrobial and the anticorrosion agents, respectively. The results 
of local electrochemical impedance spectroscopy (LEIS) at 10 Hz demonstrated 
corrosion suppression in the scratched area of coatings doped with multifunctional 
microcapsules. Additionally, the QC18-modified microcapsules exhibited high 
antibacterial performance, showing over 90 % antimicrobial efficacy against gram-
positive bacteria. This type of dual-functional coating might guide future design of 
micro/nanocontainer-based self-healing paint formulations.
1. Introduction
The cost of marine corrosion is increasing every year. The National Association of 
Corrosion Engineers (NACE)’s IMPACT study has estimated that the total cost of 
marine corrosion worldwide is between $50 and $80 billion every year. In addition to 
this intrinsic properties of seawater (e.g., chloride content, efficient electrolyte, and 
splash zones), microorganism-induced corrosion (MIC) also causes the deterioration of 
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metallic structures. A large part of the economic losses in the marine industry is caused 
by MIC [1-5].
Isolating the corroding metal from the seawater through intact coating is one of the 
main methods for controlling the corrosion of metals in seawater. However, the 
coating’s barrier effects against corrosion are jeopardized due to mechanical 
vulnerability during transportation or service [6]. The self-healing coatings that possess 
rapid feedback activity in response to these attacks is a prospective solution [7,8]. After 
some pioneering works by the authors of this study [9-14], research related to self-
healing coatings has gained tremendous attention in the recent decades [15-17]. 
Majority of these previous works had only focused on the anticorrosion property of the 
coatings. As previously mentioned, MIC should not be ignored when marine corrosion 
is discussed. Thus, endowing self-healing coatings with anticorrosion and antibacterial 
properties is interesting. 
Different encapsulation methods have been used to fabricate micro/nanocapsules filled 
with inhibitors or active agents [18,19]; such methods can endow the coatings with 
intelligent self-healing properties. Polymerization is a well-established method for the 
fabrication of micro/nanocapsules [8]. Pickering emulsions are stabilized by solid 
colloidal particles, which act as emulsifiers at the oil/water interface [20]. The type of 
emulsion can be determined by the three-phase angle θow. Oil-in-water (o/w) emulsions 
prefer hydrophilic particles (θow < 90º), whereas stable inversion emulsions (w/o) are 
usually obtained by hydrophobic particles (θow > 90º) [21,22]. Compared with the 
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particle’s thermal energy, extremely higher energy is needed to remove it from the 
interface. Pickering emulsions are fantastic precursors to the formation of 
micro/nanocapsules from the environmental aspects. Moreover, the surface of the 
Pickering reservoirs can be modified by functional molecules because their shell has 
the properties of pure nanoparticles [23]. This feature fulfils the aforementioned 
requirements for multifunctional coatings. 
The present study focuses on a new type of micro/nanocapsules based on Pickering 
emulsions with dual self-healing and antibacterial functions. In our previous works, 
Pickering nanocontainers in a water-based anticorrosive coating were introduced 
[23,24]. Polysulfone (PSF)/SiO2 hybrid capsules were prepared using linseed oil as a 
core material for self-healing anticorrosion effect and surface-modified Ludox TMA 
particles as a stabilizer. This easy-to-operate microencapsulation method was 
developed to prepare the self-lubricating composites in the previous work [25]. The 
quaternary ammonium salts were used to make the surface of silica particles active as 
antibacterial agents, which can be adsorbed on the negatively charged bacterial cell 
membranes, leading to cell death [26].
2. Experimental section
2.1. Materials
Ludox TMA suspension (silica, 34 wt % suspension in H2O, particle size of 22 nm, 
surface area 180 m2/g), linseed oil (0.93 g/mL), PSF (1.24 g/mL) and dichloromethane 
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(DCM) (≥ 99.8%, 1.325 g/mL) were purchased from Sigma-Aldrich UK. 
Dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride (QC18, 60% in 
methanol) was purchased from Acros Organics. Bisphenol diglycidyl either (C21H24O4, 
1.17 g/mL) and trithylenetetramine (C6H18N4, 0.98 g/mL) curing agent were purchased 
from Alfa Aesar. The carbon steel electrodes with an area of 1 cm2 were polished by 
400 and 800 sand papers and cleaned in acetone and ethanol using ultrasonic treatment. 
Staphylococcus aureus (ATCC 29213 strain), LB broth and LB agar broth were 
purchased from Sigma. Deionized water was used throughout the study. 
2.2. Preparation of microcapsules
Three methods were used to prepare modified Pickering microcapsules encapsulated 
with linseed oil. Silica was modified by QC18 before emulsification (Method 1), after 
emulsification (Method 2), and after polymerization (Method 3). The details of 
Methods 1 and 2 are described in the Supporting Information. Either Method 1 or 2 
failed due to the coalescence and sedimentation of the emulsion. 
The silica particles in Method 3 could only be modified successfully as follows. The 
oil phase was prepared from mixture of 20 mL of DCM, 1g of PSF and 1.5 mL of 
linseed oil. An oil phase (1-4 mL) was added to the water phase (10 mL) consisting of 
3 wt% Ludox TMA. Emulsification was performed via ultrasonication with a 1/8” 
microtip probe (Qsonica Q700-220 sonicator) for 5 min (10 s on, 5 s off pulse regime 
at 70% amplitude) with ice bath cooling. The polymerization of the emulsions was 
accomplished using the DCM solvent evaporation technique. The boiling point of DCM 
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is 35 °C. The DCM solvent evaporation was conducted at 32 °C for 6 h to avoid the 
formation of porous structures on the surface of the microcapsules. Half a millilitre of 
QC18 was added and stirred overnight at 20 °C on the last stage. A detailed discussion 
of the mechanism of the hydrolysis and condensation reactions between the QC18 and 
the hydroxyl groups of the silica particles is provided in a previous work [27]. A powder 
of microcapsules was collected via centrifugation. Figure 1 represents the overall 
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Fig. 1. Synthesis of QC18 modified microcapsules loaded with linseed oil as corrosion inhibitor.
2.3. Characterizations
Emulsion drop size distributions were determined using a Malvern Mastersizer 3000 
instrument by dispersing a drop of emulsion in pure water. The optical microscopy of 
the emulsions involved adding a small sample to a glass plate and viewing it with a 
Brunel microscope fitted with a Canon EOS 1100D camera. Images were processed 
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using EOS Utility software. The interfacial tension of linseed oil against air, water, and 
Ludox TMA suspension was measured at 20 °C via the pendant the drop method using 
drop shape analysis system DSA10Mk2 (Krüss, Germany).
The chemical structure of linseed oil, PSF, and the resulting microcapsules was 
analysed via Fourier transform infrared spectroscopy (FTIR) on a Bruker TENSOR II 
instrument equipped with an all-reflective diamond ATR. All spectra were obtained in 
absorbance mode with 32 scans from 4000 cm-1 to 400 cm-1. Thermogravimetric 
analysis (TGA) was performed to investigate the thermal stability of linseed oil, PSF, 
and the resulting microcapsules. Moreover, the analysis was performed on a Linseis 
microbalance (model STA PT1000) where the samples were heated at 5 °C min-1 from 
30 °C to 800 °C under nitrogen atmosphere. The morphology of the capsules was 
observed using a JSM-7001F scanning electron microscope (SEM) from JEOL. 
For evaluation of the self-healing performance of microcapsules in epoxy coatings, the 
coatings were prepared by following procedure: 5 wt% of multifunctional 
microcapsules was added to 5 g of bisphenol diglycidyl ether (this is the optimal 
concentration of the capsules in the coatings for self-healing performance according to 
our findings [6]). The mixture was treated by ultrasonication for 30 min. After 
degassing in a vacuum oven for 10 min, 5 g of trithylenetetramine was added followed 
by magnetic stirring for 10 min. Lastly, the composite coatings were applied on carbon 
steel electrodes using a bar coater. The coated electrodes were cured under room 
temperature for 48 h and then placed in an oven at 50 °C for 12 h. Pure epoxy coating 
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was also prepared in a similar manner for comparison. The dry film thicknesses of all 
coatings were approximately 50 ± 5 μm, as measured with a coating thickness gauge 
(EC770). Prior to testing, a scratch was created on the coating surface by using a blade, 
exposing a 4×0.2 mm2 steel substrate to the electrolyte, each crack was deep enough 
to reach the steel substrate.
Localized electrochemical impedance spectroscopy (LEIS) was performed to confirm 
the self-healing effect of microcapsules added to a traditional epoxy coating [28]. LEIS 
measurements were performed using a VersaSCAN microscanning electrochemical 
workstation (AMETEK, USA). The electrode, with a diameter of 10 μm, was set to 
vibrate at a speed of 200 μm/s with an amplitude of 10 mV. The impedance values were 
collected at the frequency of 10 Hz on an area of 5 × 5 mm2 with 26 × 26 scanning 
points.
The antibacterial efficacy of the microcapsules was evaluated against Staphylococcus 
aureus (ATCC 25913). The culture of the bacteria was grown in LB broth (containing 
5.0 g of sodium chloride, 5.0 g of Tryptone and 2.5 g of yeast extract in 500 cm3 of 
distilled water) at 37 °C overnight. The optical density was adjusted to 0.1 at 600 nm 
and serially diluted to a concentration of 103 CFU/mL for use. The QC18-modified 
microcapsules were placed in 1 mL Eppendorf tubes at concentrations of 0.5, 1, 2, 5, 
10, and 20 mg/mL. The oil-encapsulated microcapsules without any QC18 at a 
concentration of 5 mg/mL were used for a negative control. One millilitre of 103 
CFU/mL bacterial solution was added to each Eppendorf tube and placed in a shaking 
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incubator (INCU-Line® ILS4, VWR, US) at 37 °C for 3 h. After 3 h, 10 μL aliquots of 
each sample solution were placed on agar, and the Miles and Misra method was used 
to calculate the bacterial colonies in each sample [29,30]. All samples were investigated 
in triplicate for statistical reason.
3. Results and discussion
1 2 3 4
Before sonication
1 2 3 4
1 h after sonication
1 2 3 4
24 h after Sonication
Fig. 2. Preparation of Pickering emulsions for different volume ratio of water to oil phase (1) 10:1, (2) 
10:2, (3) 10:3 and (4) 10:4.
The visual images of Pickering emulsions are shown in Figure 2. Four ratios of water 
to oil (10:1, 10:2, 10:3, and 10:4) were considered. Two separate phases were observed 
before sonication. Milky solutions were observed from the photographs taken 1 h after 
sonication. After 24 h, the emulsion droplets sank to the bottom of the vial due to the 
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density difference between water and Pickering emulsion phase. The sediment height 
increased as the oil phase fraction increased. No linseed oil could be observed on top 
of the vial, indicating that all emulsions were stable against coalescence. 
a b
c d
Fig. 3. Optical microscopy image of Pickering emulsions after 24 h for different volume ratio of water 
to oil phase (a) 10:1, (b) 10:2, (c) 10:3 and (d) 10:4. Length of unlabelled scale bar equals to 50 μm. 
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Fig. 4. Droplets size distributions for different volume ratio of water to oil phase measured by Dynamic 
Light Scattering (DLS): (1) 10:1, (2) 10:2, (3) 10:3 and (4) 10:4. 
Optical microscopy images (Fig. 3) showed that the emulsion droplets were nicely 
dispersed in a continuous water phase. The average droplet size of emulsions underwent 
an evident change when the volume fraction of oil was varied. Additional water phases 
implied an increase in silica nanoparticle mass fraction. The Pickering emulsions were 
small when the number of particles used to stabilize the emulsion was large [21,31]. 
The dynamic light scattering of all emulsions was performed to provide detailed 
information about the size distribution of the droplets, as shown in Figure 4. The 
average sizes of the emulsions were 0.5, 2.7, 3.2, and 7.5 µm when the volume ratios 
of water to oil phase were 10:1, 10:2, 10:3, and 10:4, respectively.
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a
SFT: 59.67 mN/m SFT: 160.87 mN/m
b c
SFT: 63.94 mN/m
Fig. 5. Surface tension of linseed oil against air (a), water (b) and 3 wt% Ludox TMA suspension(c).
Additionally, surface tension of linseed oil against air, water, and Ludox TMA 
suspension was employed to confirm the stability of Pickering emulsion. In general, 
more hydrophilic particles can stabilize o/w emulsions and more hydrophobic particles 
can stabilize w/o emulsions. Grafted silica particles are often used for the stabilization 
of Pickering emulsions [32-34]. Justyna et al. [35] prepared a series of Pickering 
emulsions using fully hydrophilic silica nanoparticles and pointed out that the oil-water 
surface tension was a relevant criterion for oil selection. Figure 5 shows the surface 
tension of linseed oil against (a) air, (b) water and (c) 3 wt% Ludox TMA suspension. 
These pictures were taken at the instant when the biggest droplets were formed. The 
surface tension of linseed oil against air is 59.67 mN/m, which is lower than that of 
water (72.86 mN/m). Figures 5 (b) and (c) show that surface tension of linseed oil 
underwent a sharp decrease from 160.87 to 63.94 mN/m after 3 wt% Ludox TMA was 
added to the water. This reduction was attributed to the adsorbed solid particles at the 
oil/water interface, which provides emulsion stability.
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Fig. 6. (a) Optical microscopy image of microcapsules dispersed in cyclohexane (length of unlabelled 
scale bar equals 50 μm), (b) SEM image of microcapsules (length of unlabelled scale bar equals 1 μm), 
(c) ATR-FTIR spectra of linseed oil (LO), PSF, and microcapsules, (d) TGA curves for linseed oil (LO), 
PSF and unmodified microcapsules. 
Many hydroxyl groups on the surface of microcapsules were identified before 
modification. These hydroxyl groups were dispersed well in water and suitable for 
waterborne coatings. These microcapsules aggregate together in water as most of the 
hydroxyl groups reacted with the QC18 after modification. Organic solvents were 
selected to disperse the modified microcapsules. Figure 6 (a) displays a homogeneous 
distribution of QC18-modified microcapsules in cyclohexane. Most of the particles 
maintained sufficient interparticle distances, indicating their potential application in 
solvent-borne coatings. 
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The SEM results of microcapsules are shown in Figure 6 (b). The microcapsules have 
a raspberry-like surface due to the silica aggregates in the shell. The image at higher 
magnification can be found in Figure S4 of Supporting Information section. No 
evidence of coalescence and collapsed structures was identified. A dimple-like 
structures were be found on the SEM image. This structures could be a result of the 
high energy beam of electrons and the vacuum condition under SEM observation. As a 
rough estimate, the diameter of microcapsules was approximately 4-6 µm. 
To further assess the chemical structure of microcapsules, Fourier transform infrared 
spectroscopy and thermal gravimetric analysis of linseed oil, PSF, and modified 
microcapsules were carried out. The ATR-FTIR spectra of linseed oil, PSF, and 
modified microcapsules are presented in Figure 6 (c). The absorption peaks at 2930, 
2854, 1744, and 1458 cm-1 correspond to =C−H stretching, C−H stretching, C=O 
stretching, and C−H bending, respectively. All these peaks are characteristic for linseed 
oil [36]. The spectrum of PSF shows characteristic peaks at 1489, 1504, 1586 cm-1 
(C=C aromatic rings stretching), 1323, 1295 cm-1 (O=S=O asymmetric stretching), and 
1230 cm-1 (C-O-C asymmetric stretching) [25]. The spectrum of filled microcapsules 
displays the characteristic peaks of linseed oil and the absorption band characteristics 
of the PSF. The absorption peaks at 800 and 1080 cm-1 correspond to Si−O−Si 
symmetric stretching and Si−O asymmetric vibration, respectively. All these peaks are 
characteristics of SiO2. The ATR-FTIR results confirmed the successful encapsulation 
of linseed oil in microcapsules. Furthermore, no broad –OH peak at approximately 3400 
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cm-1 was identified because most of the hydroxyl groups reacted with QC18. The 
nanoparticles on the surface of the microcapsules have a Janus-like structure, as shown 
in Figure 1, with one side embedded inside the shell and the other side modified with 
QC18, which rendered the microcapsule antibacterial function.
The TGA curves of unmodified microcapsules, linseed oil, and PSF were obtained from 
30 ºC to 800 ºC under N2 protection to determine the loading capacity of microcapsules. 
As shown in Figure 6 (d), the decomposition of pristine linseed oil started at 300 ºC 
with a fast weight loss rate between 400 ºC and 450 ºC [37]. Decomposition stopped at 
540 ºC without any residues. The PSF started to decompose at 500 ºC and finished at 
650 ºC [25]. The TGA curve of unmodified microcapsules could be divided into two 
parts. The 40 wt% weight loss of microcapsules is mainly attributed to the calcination 
of linseed oil between 300 ºC to 500 ºC. The remaining mass was lost from 500 ºC to 
600 ºC due to linseed and PSF decomposition. Results from the TGA analysis 
confirmed that at least 40 wt% of linseed oil was encapsulated in the microcapsules.
Localized electrochemical impedance spectroscopy (LEIS) were carried out to confirm 
the self-healing effect provided by the microcapsules. Compared with conventional 
electrochemical impedance spectroscopy (EIS), LEIS provides more detailed 
information about the corrosion inhibition effect and self-healing mechanisms in a 
localized manner [38-41]. The EIS convolutes the separate responses of the coating and 
defect together; however, this convolution is not relevant if the focus is on the local 
self-healing effect of the coating. LEIS, which commonly uses a five-electrode 
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configuration, is based on the ratio of the applied AC voltage to the local AC current 
density (ilocal). ilocal is calculated in accordance with the Ohm’s law (1), where d is the 
distance between the two probes, and κ is the conductivity of the electrolyte.






The local admittance is calculated by equation (2), where the applied voltage (ΔVapplied) 
is the potential difference between the reference electrode and the working electrode 
[42].








Figure 7 shows the admittance mapping of the scratched coatings; the mapping was 
obtained in 3.5 wt% NaCl solution at different times of immersion up to 24 h. A low 
frequency (10 Hz) was selected because it can exhibit the self-healing process of 
scratched coatings fast and effectively [43]. After 3 h, the defect was evident in Figure 
7 (a) on the micrograph and reflected in the admittance map as a large increase around 
the scratched area. The defect remains active for 24 h. The intelligent coating behaves 
completely different. No remarkable increase in the admittance in the defect zone was 
observed during the entire test period. This effect is responsible for the reduction of the 
corrosion activity of the substrate due to the release of linseed oil. Linseed oil forms a 
solid film through chemical reaction with oxygen, which has been used as a healing 
agent for many years [37,44]. In order to verify the results of LEIS, the tested samples 
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were observed through optical microscopy after removing coatings (Figure S5). In the 
case of the steel coated with intelligent coating (Figure S5 (b)), small corrosion area 
proves their self-healing functionality and better barrier properties. This is in 





Fig. 7. Local admittance mappings performed at 10 Hz over the scratch after 3 h, 15 h and 24 h of 
immersion in 3.5 wt% NaCl for: (a) controlled coatings and (b) intelligent coating.
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The second, antimicrobial effect of the microcapsules was demonstrated by the 
antibacterial experiments. The antibacterial efficacy of the QC18-modified capsules 
was evaluated against Gram-positive S. aureus and is presented in Figure 8(a). The 
photographs of the agar plates are given in Figure 8(b). The positive control sample was 
just the oil-encapsulated capsules without the presence of an active antimicrobial. All 
concentrations of the QC18-modofied capsules displayed antibacterial activity, which 
increased from QC18-oil0.5 sample showing an antimicrobial efficacy of 52% for the 
5 and 10 mg/mL samples showing over 90% antimicrobial efficacy. Increasing the 
capsules’ concentration further to 20 mg/mL decreased the antimicrobial efficacy to 
86%. QC18 molecules tethered to the MSN particles killed the bacteria by interacting 





Fig. 8. (a) S.aureus inhibition efficiency of QC18 modified capsules (0.5, 1, 2, 5, 10, 20 mg/ml) and oil-
encapsulated capsules (5mg/ml, as control group) after 3 h shaking incubation. (b) CFU agar plate read 
of QC18 modified capsules (0.5, 1, 2, 5, 10, 20 mg/ml) and oil-encapsulated capsules (5mg/ml, as control 
group) after 3 h shaking incubation. Presentative CFU image is the third run of the tests.
4. Conclusions
A novel type of microcapsule prepared via Pickering emulsion polymerization based 
on linseed oil-filled polysulfone/QC18-modified silica hybrid shell was reported. The 
chemical structure of microcapsules was confirmed via Fourier transform infrared 
spectroscopy and thermal gravimetric analysis. The microcapsules were embedded into 
an epoxy coating. The hybrid coating exhibited remarkable self-healing effect in the 
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scratched area filling it with polymer film formed by reaction of encapsulated linseed 
oil and atmospheric oxygen. A significant advantage compared to the other types of 
previously developed micro/nanocapsules is their outer surface modified by QC18, thus 
providing stable antimicrobial effect. This work paves a way for researchers to explore 
various multifunctional micro/nanocontainers, which can be obtained by choosing 
among various antimicrobial or anticorrosion agents. The ongoing research is focused 
on assessing the coatings under real seawater conditions to demonstrate the 
multifunctional micro/nanocontainers in actual industrial applications.
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Abstract: Micro/nanocontainer-based self-healing coatings have achieved enormous 
interest in scientific community during the last decade. However, the search for 
multifunctional micro/nanocontainers still has research challenge, especially for the 
micro/nanocontainers with dual functionality (both anticorrosion and antimicrobial). 
Here, a novel type of microcapsules with antimicrobial shell and anticorrosion core was 
prepared by the Pickering emulsion polymerization technique. Dimethyloctadecyl [3-
(trimethoxysilyl) propyl] ammonium chloride (QC18) and linseed oil were 
encapsulated as the antimicrobial and the anticorrosion agents, respectively. The results 
of local electrochemical impedance spectroscopy (LEIS) at 10 Hz demonstrated 
corrosion suppression in the scratched area of coatings doped with multifunctional 
microcapsules. Additionally, the QC18-modified microcapsules exhibited high 
antibacterial performance, showing over 90 % antimicrobial efficacy against gram-
positive bacteria. This type of dual-functional coating might guide future design of 
micro/nanocontainer-based self-healing paint formulations.
1. Introduction
The cost of marine corrosion is increasing every year. The National Association of 
Corrosion Engineers (NACE)’s IMPACT study has estimated that the total cost of 
marine corrosion worldwide is between $50 and $80 billion every year. In addition to 
this intrinsic properties of seawater (e.g., chloride content, efficient electrolyte, and 
splash zones), microorganism-induced corrosion (MIC) also causes the deterioration of 
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metallic structures. A large part of the economic losses in the marine industry is caused 
by MIC [1-5].
Isolating the corroding metal from the seawater through intact coating is one of the 
main methods for controlling the corrosion of metals in seawater. However, the 
coating’s barrier effects against corrosion are jeopardized due to mechanical 
vulnerability during transportation or service [6]. The self-healing coatings that possess 
rapid feedback activity in response to these attacks is a prospective solution [7,8]. After 
some pioneering works by the authors of this study [9-14], research related to self-
healing coatings has gained tremendous attention in the recent decades [15-17]. 
Majority of these previous works had only focused on the anticorrosion property of the 
coatings. As previously mentioned, MIC should not be ignored when marine corrosion 
is discussed. Thus, endowing self-healing coatings with anticorrosion and antibacterial 
properties is interesting. 
Different encapsulation methods have been used to fabricate micro/nanocapsules filled 
with inhibitors or active agents [18,19]; such methods can endow the coatings with 
intelligent self-healing properties. Polymerization is a well-established method for the 
fabrication of micro/nanocapsules [8]. Pickering emulsions are stabilized by solid 
colloidal particles, which act as emulsifiers at the oil/water interface [20]. The type of 
emulsion can be determined by the three-phase angle θow. Oil-in-water (o/w) emulsions 
prefer hydrophilic particles (θow < 90º), whereas stable inversion emulsions (w/o) are 
usually obtained by hydrophobic particles (θow > 90º) [21,22]. Compared with the 
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particle’s thermal energy, extremely higher energy is needed to remove it from the 
interface. Pickering emulsions are fantastic precursors to the formation of 
micro/nanocapsules from the environmental aspects. Moreover, the surface of the 
Pickering reservoirs can be modified by functional molecules because their shell has 
the properties of pure nanoparticles [23]. This feature fulfils the aforementioned 
requirements for multifunctional coatings. 
The present study focuses on a new type of micro/nanocapsules based on Pickering 
emulsions with dual self-healing and antibacterial functions. In our previous works, 
Pickering nanocontainers in a water-based anticorrosive coating were introduced 
[23,24]. Polysulfone (PSF)/SiO2 hybrid capsules were prepared using linseed oil as a 
core material for self-healing anticorrosion effect and surface-modified Ludox TMA 
particles as a stabilizer. This easy-to-operate microencapsulation method was 
developed to prepare the self-lubricating composites in the previous work [25]. The 
quaternary ammonium salts were used to make the surface of silica particles active as 
antibacterial agents, which can be adsorbed on the negatively charged bacterial cell 
membranes, leading to cell death [26].
2. Experimental section
2.1. Materials
Ludox TMA suspension (silica, 34 wt % suspension in H2O, particle size of 22 nm, 
surface area 180 m2/g), linseed oil (0.93 g/mL), PSF (1.24 g/mL) and dichloromethane 
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(DCM) (≥ 99.8%, 1.325 g/mL) were purchased from Sigma-Aldrich UK. 
Dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride (QC18, 60% in 
methanol) was purchased from Acros Organics. Bisphenol diglycidyl either (C21H24O4, 
1.17 g/mL) and trithylenetetramine (C6H18N4, 0.98 g/mL) curing agent were purchased 
from Alfa Aesar. The carbon steel electrodes with an area of 1 cm2 were polished by 
400 and 800 sand papers and cleaned in acetone and ethanol using ultrasonic treatment. 
Staphylococcus aureus (ATCC 29213 strain), LB broth and LB agar broth were 
purchased from Sigma. Deionized water was used throughout the study. 
2.2. Preparation of microcapsules
Three methods were used to prepare modified Pickering microcapsules encapsulated 
with linseed oil. Silica was modified by QC18 before emulsification (Method 1), after 
emulsification (Method 2), and after polymerization (Method 3). The details of 
Methods 1 and 2 are described in the Supporting Information. Either Method 1 or 2 
failed due to the coalescence and sedimentation of the emulsion. 
The silica particles in Method 3 could only be modified successfully as follows. The 
oil phase was prepared from mixture of 20 mL of DCM, 1g of PSF and 1.5 mL of 
linseed oil. An oil phase (1-4 mL) was added to the water phase (10 mL) consisting of 
3 wt% Ludox TMA. Emulsification was performed via ultrasonication with a 1/8” 
microtip probe (Qsonica Q700-220 sonicator) for 5 min (10 s on, 5 s off pulse regime 
at 70% amplitude) with ice bath cooling. The polymerization of the emulsions was 
accomplished using the DCM solvent evaporation technique. The boiling point of DCM 
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is 35 °C. The DCM solvent evaporation was conducted at 32 °C for 6 h to avoid the 
formation of porous structures on the surface of the microcapsules. Half a millilitre of 
QC18 was added and stirred overnight at 20 °C on the last stage. A detailed discussion 
of the mechanism of the hydrolysis and condensation reactions between the QC18 and 
the hydroxyl groups of the silica particles is provided in a previous work [27]. A powder 
of microcapsules was collected via centrifugation. Figure 1 represents the overall 










Stirring, 293K, 24 h
Modified
microcapsules
Fig. 1. Synthesis of QC18 modified microcapsules loaded with linseed oil as corrosion inhibitor.
2.3. Characterizations
Emulsion drop size distributions were determined using a Malvern Mastersizer 3000 
instrument by dispersing a drop of emulsion in pure water. The optical microscopy of 
the emulsions involved adding a small sample to a glass plate and viewing it with a 
Brunel microscope fitted with a Canon EOS 1100D camera. Images were processed 
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using EOS Utility software. The interfacial tension of linseed oil against air, water, and 
Ludox TMA suspension was measured at 20 °C via the pendant the drop method using 
drop shape analysis system DSA10Mk2 (Krüss, Germany).
The chemical structure of linseed oil, PSF, and the resulting microcapsules was 
analysed via Fourier transform infrared spectroscopy (FTIR) on a Bruker TENSOR II 
instrument equipped with an all-reflective diamond ATR. All spectra were obtained in 
absorbance mode with 32 scans from 4000 cm-1 to 400 cm-1. Thermogravimetric 
analysis (TGA) was performed to investigate the thermal stability of linseed oil, PSF, 
and the resulting microcapsules. Moreover, the analysis was performed on a Linseis 
microbalance (model STA PT1000) where the samples were heated at 5 °C min-1 from 
30 °C to 800 °C under nitrogen atmosphere. The morphology of the capsules was 
observed using a JSM-7001F scanning electron microscope (SEM) from JEOL. 
For evaluation of the self-healing performance of microcapsules in epoxy coatings, the 
coatings were prepared by following procedure: 5 wt% of multifunctional 
microcapsules was added to 5 g of bisphenol diglycidyl ether (this is the optimal 
concentration of the capsules in the coatings for self-healing performance according to 
our findings [6]). The mixture was treated by ultrasonication for 30 min. After 
degassing in a vacuum oven for 10 min, 5 g of trithylenetetramine was added followed 
by magnetic stirring for 10 min. Lastly, the composite coatings were applied on carbon 
steel electrodes using a bar coater. The coated electrodes were cured under room 
temperature for 48 h and then placed in an oven at 50 °C for 12 h. Pure epoxy coating 
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was also prepared in a similar manner for comparison. The dry film thicknesses of all 
coatings were approximately 50 ± 5 μm, as measured with a coating thickness gauge 
(EC770). Prior to testing, a scratch was created on the coating surface by using a blade, 
exposing a 4×0.2 mm2 steel substrate to the electrolyte, each crack was deep enough 
to reach the steel substrate.
Localized electrochemical impedance spectroscopy (LEIS) was performed to confirm 
the self-healing effect of microcapsules added to a traditional epoxy coating [28]. LEIS 
measurements were performed using a VersaSCAN microscanning electrochemical 
workstation (AMETEK, USA). The electrode, with a diameter of 10 μm, was set to 
vibrate at a speed of 200 μm/s with an amplitude of 10 mV. The impedance values were 
collected at the frequency of 10 Hz on an area of 5 × 5 mm2 with 26 × 26 scanning 
points.
The antibacterial efficacy of the microcapsules was evaluated against Staphylococcus 
aureus (ATCC 25913). The culture of the bacteria was grown in LB broth (containing 
5.0 g of sodium chloride, 5.0 g of Tryptone and 2.5 g of yeast extract in 500 cm3 of 
distilled water) at 37 °C overnight. The optical density was adjusted to 0.1 at 600 nm 
and serially diluted to a concentration of 103 CFU/mL for use. The QC18-modified 
microcapsules were placed in 1 mL Eppendorf tubes at concentrations of 0.5, 1, 2, 5, 
10, and 20 mg/mL. The oil-encapsulated microcapsules without any QC18 at a 
concentration of 5 mg/mL were used for a negative control. One millilitre of 103 
CFU/mL bacterial solution was added to each Eppendorf tube and placed in a shaking 
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incubator (INCU-Line® ILS4, VWR, US) at 37 °C for 3 h. After 3 h, 10 μL aliquots of 
each sample solution were placed on agar, and the Miles and Misra method was used 
to calculate the bacterial colonies in each sample [29,30]. All samples were investigated 
in triplicate for statistical reason.
3. Results and discussion
1 2 3 4
Before sonication
1 2 3 4
1 h after sonication
1 2 3 4
24 h after Sonication
Fig. 2. Preparation of Pickering emulsions for different volume ratio of water to oil phase (1) 10:1, (2) 
10:2, (3) 10:3 and (4) 10:4.
The visual images of Pickering emulsions are shown in Figure 2. Four ratios of water 
to oil (10:1, 10:2, 10:3, and 10:4) were considered. Two separate phases were observed 
before sonication. Milky solutions were observed from the photographs taken 1 h after 
sonication. After 24 h, the emulsion droplets sank to the bottom of the vial due to the 
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density difference between water and Pickering emulsion phase. The sediment height 
increased as the oil phase fraction increased. No linseed oil could be observed on top 
of the vial, indicating that all emulsions were stable against coalescence. 
a b
c d
Fig. 3. Optical microscopy image of Pickering emulsions after 24 h for different volume ratio of water 
to oil phase (a) 10:1, (b) 10:2, (c) 10:3 and (d) 10:4. Length of unlabelled scale bar equals to 50 μm. 
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Fig. 4. Droplets size distributions for different volume ratio of water to oil phase measured by Dynamic 
Light Scattering: (1) 10:1, (2) 10:2, (3) 10:3 and (4) 10:4. 
Optical microscopy images (Fig. 3) showed that the emulsion droplets were nicely 
dispersed in a continuous water phase. The average droplet size of emulsions underwent 
an evident change when the volume fraction of oil was varied. Additional water phases 
implied an increase in silica nanoparticle mass fraction. The Pickering emulsions were 
small when the number of particles used to stabilize the emulsion was large [21,31]. 
The dynamic light scattering of all emulsions was performed to provide detailed 
information about the size distribution of the droplets, as shown in Figure 4. The 
average sizes of the emulsions were 0.5, 2.7, 3.2, and 7.5 µm when the volume ratios 
of water to oil phase were 10:1, 10:2, 10:3, and 10:4, respectively.
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a
SFT: 59.67 mN/m SFT: 160.87 mN/m
b c
SFT: 63.94 mN/m
Fig. 5. Surface tension of linseed oil against air (a), water (b) and 3 wt% Ludox TMA suspension(c).
Additionally, surface tension of linseed oil against air, water, and Ludox TMA 
suspension was employed to confirm the stability of Pickering emulsion. In general, 
more hydrophilic particles can stabilize o/w emulsions and more hydrophobic particles 
can stabilize w/o emulsions. Grafted silica particles are often used for the stabilization 
of Pickering emulsions [32-34]. Justyna et al. [35] prepared a series of Pickering 
emulsions using fully hydrophilic silica nanoparticles and pointed out that the oil-water 
surface tension was a relevant criterion for oil selection. Figure 5 shows the surface 
tension of linseed oil against (a) air, (b) water and (c) 3 wt% Ludox TMA suspension. 
These pictures were taken at the instant when the biggest droplets were formed. The 
surface tension of linseed oil against air is 59.67 mN/m, which is lower than that of 
water (72.86 mN/m). Figures 5 (b) and (c) show that surface tension of linseed oil 
underwent a sharp decrease from 160.87 to 63.94 mN/m after 3 wt% Ludox TMA was 
added to the water. This reduction was attributed to the adsorbed solid particles at the 
oil/water interface, which provides emulsion stability.
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Fig. 6. (a) Optical microscopy image of microcapsules dispersed in cyclohexane (length of unlabelled 
scale bar equals 50 μm), (b) SEM image of microcapsules (length of unlabelled scale bar equals 1 μm), 
(c) ATR-FTIR spectra of linseed oil (LO), PSF, and microcapsules, (d) TGA curves for linseed oil (LO), 
PSF and unmodified microcapsules. 
Many hydroxyl groups on the surface of microcapsules were identified before 
modification. These hydroxyl groups were dispersed well in water and suitable for 
waterborne coatings. These microcapsules aggregate together in water as most of the 
hydroxyl groups reacted with the QC18 after modification. Organic solvents were 
selected to disperse the modified microcapsules. Figure 6 (a) displays a homogeneous 
distribution of QC18-modified microcapsules in cyclohexane. Most of the particles 
maintained sufficient interparticle distances, indicating their potential application in 
solvent-borne coatings. 
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The SEM results of microcapsules are shown in Figure 6 (b). The microcapsules have 
a raspberry-like surface due to the silica aggregates in the shell. The image at higher 
magnification can be found in Figure S4 of Supporting Information section. No 
evidence of coalescence and collapsed structures was identified. A dimple-like 
structures were be found on the SEM image. This structures could be a result of the 
high energy beam of electrons and the vacuum condition under SEM observation. As a 
rough estimate, the diameter of microcapsules was approximately 4-6 µm. 
To further assess the chemical structure of microcapsules, Fourier transform infrared 
spectroscopy and thermal gravimetric analysis of linseed oil, PSF, and modified 
microcapsules were carried out. The ATR-FTIR spectra of linseed oil, PSF, and 
modified microcapsules are presented in Figure 6 (c). The absorption peaks at 2930, 
2854, 1744, and 1458 cm-1 correspond to =C−H stretching, C−H stretching, C=O 
stretching, and C−H bending, respectively. All these peaks are characteristic for linseed 
oil [36]. The spectrum of PSF shows characteristic peaks at 1489, 1504, 1586 cm-1 
(C=C aromatic rings stretching), 1323, 1295 cm-1 (O=S=O asymmetric stretching), and 
1230 cm-1 (C-O-C asymmetric stretching) [25]. The spectrum of filled microcapsules 
displays the characteristic peaks of linseed oil and the absorption band characteristics 
of the PSF. The absorption peaks at 800 and 1080 cm-1 correspond to Si−O−Si 
symmetric stretching and Si−O asymmetric vibration, respectively. All these peaks are 
characteristics of SiO2. The ATR-FTIR results confirmed the successful encapsulation 
of linseed oil in microcapsules. Furthermore, no broad –OH peak at approximately 3400 
15
cm-1 was identified because most of the hydroxyl groups reacted with QC18. The 
nanoparticles on the surface of the microcapsules have a Janus-like structure, as shown 
in Figure 1, with one side embedded inside the shell and the other side modified with 
QC18, which rendered the microcapsule antibacterial function.
The TGA curves of unmodified microcapsules, linseed oil, and PSF were obtained from 
30 ºC to 800 ºC under N2 protection to determine the loading capacity of microcapsules. 
As shown in Figure 6 (d), the decomposition of pristine linseed oil started at 300 ºC 
with a fast weight loss rate between 400 ºC and 450 ºC [37]. Decomposition stopped at 
540 ºC without any residues. The PSF started to decompose at 500 ºC and finished at 
650 ºC [25]. The TGA curve of unmodified microcapsules could be divided into two 
parts. The 40 wt% weight loss of microcapsules is mainly attributed to the calcination 
of linseed oil between 300 ºC to 500 ºC. The remaining mass was lost from 500 ºC to 
600 ºC due to linseed and PSF decomposition. Results from the TGA analysis 
confirmed that at least 40 wt% of linseed oil was encapsulated in the microcapsules.
Localized electrochemical impedance spectroscopy (LEIS) were carried out to confirm 
the self-healing effect provided by the microcapsules. Compared with conventional 
electrochemical impedance spectroscopy (EIS), LEIS provides more detailed 
information about the corrosion inhibition effect and self-healing mechanisms in a 
localized manner [38-41]. The EIS convolutes the separate responses of the coating and 
defect together; however, this convolution is not relevant if the focus is on the local 
self-healing effect of the coating. LEIS, which commonly uses a five-electrode 
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configuration, is based on the ratio of the applied AC voltage to the local AC current 
density (ilocal). ilocal is calculated in accordance with the Ohm’s law (1), where d is the 
distance between the two probes, and κ is the conductivity of the electrolyte.






The local admittance is calculated by equation (2), where the applied voltage (ΔVapplied) 
is the potential difference between the reference electrode and the working electrode 
[42].








Figure 7 shows the admittance mapping of the scratched coatings; the mapping was 
obtained in 3.5 wt% NaCl solution at different times of immersion up to 24 h. A low 
frequency (10 Hz) was selected because it can exhibit the self-healing process of 
scratched coatings fast and effectively [43]. After 3 h, the defect was evident in Figure 
7 (a) on the micrograph and reflected in the admittance map as a large increase around 
the scratched area. The defect remains active for 24 h. The intelligent coating behaves 
completely different. No remarkable increase in the admittance in the defect zone was 
observed during the entire test period. This effect is responsible for the reduction of the 
corrosion activity of the substrate due to the release of linseed oil. Linseed oil forms a 
solid film through chemical reaction with oxygen, which has been used as a healing 
agent for many years [37,44]. In order to verify the results of LEIS, the tested samples 
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were observed through optical microscopy after removing coatings (Figure S5). In the 
case of the steel coated with intelligent coating (Figure S5 (b)), small corrosion area 
proves their self-healing functionality and better barrier properties. This is in 





Fig. 7. Local admittance mappings performed at 10 Hz over the scratch after 3 h, 15 h and 24 h of 
immersion in 3.5 wt% NaCl for: (a) controlled coatings and (b) intelligent coating.
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The second, antimicrobial effect of the microcapsules was demonstrated by the 
antibacterial experiments. The antibacterial efficacy of the QC18-modified capsules 
was evaluated against Gram-positive S. aureus and is presented in Figure 8(a). The 
photographs of the agar plates are given in Figure 8(b). The positive control sample was 
just the oil-encapsulated capsules without the presence of an active antimicrobial. All 
concentrations of the QC18-modofied capsules displayed antibacterial activity, which 
increased from QC18-oil0.5 sample showing an antimicrobial efficacy of 52% for the 
5 and 10 mg/mL samples showing over 90% antimicrobial efficacy. Increasing the 
capsules’ concentration further to 20 mg/mL decreased the antimicrobial efficacy to 
86%. QC18 molecules tethered to the MSN particles killed the bacteria by interacting 





Fig. 8. (a) S.aureus inhibition efficiency of QC18 modified capsules (0.5, 1, 2, 5, 10, 20 mg/ml) and oil-
encapsulated capsules (5mg/ml, as control group) after 3 h shaking incubation. (b) CFU agar plate read 
of QC18 modified capsules (0.5, 1, 2, 5, 10, 20 mg/ml) and oil-encapsulated capsules (5mg/ml, as control 
group) after 3 h shaking incubation. Presentative CFU image is the third run of the tests.
4. Conclusions
A novel type of microcapsule prepared via Pickering emulsion polymerization based 
on linseed oil-filled polysulfone/QC18-modified silica hybrid shell was reported. The 
chemical structure of microcapsules was confirmed via Fourier transform infrared 
spectroscopy and thermal gravimetric analysis. The microcapsules were embedded into 
an epoxy coating. The hybrid coating exhibited remarkable self-healing effect in the 
20
scratched area filling it with polymer film formed by reaction of encapsulated linseed 
oil and atmospheric oxygen. A significant advantage compared to the other types of 
previously developed micro/nanocapsules is their outer surface modified by QC18, thus 
providing stable antimicrobial effect. This work paves a way for researchers to explore 
various multifunctional micro/nanocontainers, which can be obtained by choosing 
among various antimicrobial or anticorrosion agents. The ongoing research is focused 
on assessing the coatings under real seawater conditions to demonstrate the 
multifunctional micro/nanocontainers in actual industrial applications.
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